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6 determined with the semi-automated and manual methods. Further details about the experimental 1 protocol can be found in XXX [24] . 2
The MR examinations were performed on a 1.5T high-definition 16-channel system (GE Medical 3 Systems, Waukesha, WI). Sagittal T2-weighted fast spin echo images (TR 2200-3000ms, TE 110ms, 4 slice thickness 3mm, slice spacing 3.2mm, image matrix 352 × 320, pixel spacing 0.5469 × 0.5469mm, 5 4 excitations, 11-13 sagittal slices) were acquired from the participants as they lay in a supine 6 position. The individual MR examinations lasted between 7 and 10 minutes. 7 8 
Measurements

Manual digitization
10
The mean IVD height and area per sagittal slice of the individual L1/L2 -L4/L5 IVDs were 11 computed from manual segmentation procedures performed by a single operator, with no prior 12 digitization experience, after training and familiarization with processing the MR data. The manual 13 segmentation approach involved digitizing a minimum of 7 points along the visible superior and 14 inferior vertebral endplate surfaces defining the interface between IVDs and adjacent vertebral 15 bodies in the sagittal slices ( Figure 1A ). Intraobserver reliability was determined using 10 repeated 16 measurements of a randomly selected example for all IVD locations. Repeated measurements were 17 completed on separate days with the operator blinded to previous measurements. The ICC and 18 standard error of measurement for IVD height and volume were 0.99 (95% CI: 0.98 to 1.00) and 19 0.027mm (95% CI: 0.023 to 0.030 mm) and 0.99 (95% CI: 0.99 to 1.00) and 0.07 mm 3 (95% CI: 0.06 to 20 0.08 mm 3 ), respectively. Adjacent digitized points were linearly interpolated and the vertical 21 distances between the segmented endplates were computed at 1 mm intervals. Additional details 22 on the experimental methods including intra-observer reliability can be found in XXX [24] and in 23 Figure 1A . Mean IVD height for an individual disc was determined as the average of all the 24 M A N U S C R I P T
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endplate distances (vertical heights) from the sagittal slices processed for data analyses. A 1 standardized approach using the central 7 sagittal images for each IVD was used in the present 2 analyses to enable complete coverage of the nucleus pulposus, which has an essential role for 3 distributing hydraulic pressure during loading. Mean IVD area across the same 7 central MR slices 4 was used as a volumeric estimate of the IVD mid-substance surrounding the nucleus pulposus. 5
Semi-automated method
6
An automated algorithm for 3D segmentation of IVDs and vertebral bodies modified from XXX 7
[35] was used to segment the individual lumbar IVDs and vertebral bodies from the MR images. In 8 the pre-processing stage, a customized intensity adjustment method based on the N4 bias field 9 correction algorithm [37] was initially applied to the region of the lumbar spinal column. Image 10 acquisition noise was reduced by anisotropic diffusion (15 iterations, time step 0.01, conductance 11 1.0) and image signal intensity histograms were normalized to the signal intensity histogram of an 12 atlas image. Subsequently, images were reformatted using B-Spline interpolation to an isotropic 13 resolution of 0.5469 mm. 14 The segmentation algorithm is based on an active shape model approach [38] defining models of 15 anatomical variability. These models have to be located at initial referent positions in the MR image 16 before they are deformed to fit previously trained signal intensity information. In the present study, 17 a manual initialization was performed by the user through a single mouse click in the mid-sagittal 18 portion of each lumbar vertebral body in the baseline scans. The input points were used to 19 approximate the lumbar spine curvature and pre-cursor IVD models were automatically positioned 20 mid-way between the points marking the vertebral bodies and oriented to follow the estimated 21 
Statistical analysis 1
Test-retest reliability of the semi-automated and manual methods were assessed on baseline 2 and pre-exercise conditions using the ICC, 95% CI and limits of agreement (LOA) in Bland-Altman 3 plots. Concurrent agreement between the semi-automated and manual methods was determined 4 using pooled repeated measurements according to Bland and Altman [43] . 5
A three-way repeated measures (RM) ANOVA was performed for comparisons between the 6 measurement methods (semi-automated and manual), timing conditions (baseline, pre-exercise, 7 post-exercise) and IVD levels (L1/L2 -L4/L5) on IVD height and area. Significant main effects for the 8 measurement method and timing condition were further investigated post-hoc using pairwise 9 comparisons with Bonferroni adjustment. Two-way RM ANOVAs were performed to determine the 10 main effect of IVD level and timing condition for both measuring methods independently. 11
In all ANOVA tests, an a priori significance level of p < 0.05 was adopted for rejection of the null 12 hypothesis and the effect size was reported using partial eta-squared (ηp 2 ). Statistical analyses were 13 carried out using IBM SPSS Statistics 22.0 (SPSS; Chicago, IL). 14 15
Results
16
Prior to quantitative analyses, the quality of the semi-automated segmentations was visually 17 assessed to exclude data from failed segmentations. The segmentation was considered 18 unsatisfactory, if a patently discrepancy from the imaged IVD volume was identified within the first 19 two seconds of the visual inspection. Overall, three IVDs (1× L2/L3, 2× L4/L5) were removed from the 20 analysis. The reported mean values and LOA were computed on the remaining 25 IVDs. In all ANOVA 21 tests, the missing values for the three IVDs were replaced using trend analysis to maximize the 22 degrees of freedom. These estimates were computed from the group mean of the other IVDs at the 23 M A N U S C R I P T
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same segmental level multiplied by a scaling factor for the particular subject. The scaling factor was 1
computed from values at the adjacent superior IVD level as the ratio of the value for the particular 2 subject, computed over the mean measurement at this superior level. 0.93 ± 3.99% (semi-automated) and 1.64 ± 5.55% (manual). The 95% LOA for the mean IVD area 9 were 0.78 ± 7.40% (semi-automated) and 2.34 ± 6.05% (manual) method. 10 height, respectively. This translates to the LOA of -1.35 to 1.20 mm, -0.97 to 1.69 mm, and -1.14 to 2 1.17 mm. LOA of our technique fit well within these ranges despite the fact that MR data is generally 3 more challenging to (semi-)automatically process due to the higher resolution and well-defined 4 boundary of the vertebral cortical bone in CT data [28, 44] . Future work will be required to further 5 improve the accuracy by identifying sources of variation for both semi-automated and manual 6 techniques to increase the power in detecting clinically important changes in IVD morphology [1, 20] . 7 XXX [24] have previously reported that 30 min of moderate-intensity running results in a 8 decreased mean IVD height and volume as determined with manual digitization. In the present 9 study, both semi-automated and manual analyses showed a statistically significant decrease in the 10 measures adopted in this work after exercise. These results provide a compelling rationale for the 11 use of the semi-automated method in larger MR investigations into longitudinal morphometric 12 changes, where a change of at least 0.20 mm in IVD height (as in the present study) is expected. 13
Concurrent agreement
Pfirrmann et al. [1] asymptomatic participants were chosen for the current study to assess day-to-day reliability of the 9 technique under controlled conditions without effects of pathology. Despite this, the segmentation 10 scheme has previously been quantitatively validated using several 3D similarity metrics on 68 lumbar 11 and 46 thoracic IVDs (including 7 degenerative IVDs) from 14 asymptomatic subjects [35] . 12 Furthermore, the segmentation algorithm was previously used and validated in a morphological 13 study on 11 symptomatic patients [36] . In that previous work [36], the segmentation results were 14 evaluated by computing the Dice score similarity coefficient [45] , and by comparing measures of 15 mid-sagittal middle IVD height and width against manual references. Since the performance of the 16 quantification method presented in the current study is heavily based on the segmentation 17 algorithm, there is good evidence that the proposed methods will generalize well on broader 18 population with IVD pathology. This will however need to be carefully evaluated in future work on 19 larger cohorts. Nevertheless, the number of participants presented in the current study is 20 
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